We calculate the angular dependence of the x-ray linear and circular dichroism at the L2,3 edges of α-Fe(II) Phthalocyanine (FePc) thin films using a ligand field model with full configuration interaction. We find the best agreement with the experimental spectra for a mixed ground state of 3 Eg(a ) with the two configurations coupled by the spin-orbit interaction. The 3 Eg(b) and 3 B2g states have an easy axis and plane anisotropies, respectively. Our model accounts for an easy-plane magnetic anisotropy and the measured magnitudes of the in-plane orbital and spin moments. The proximity in energy of the two configurations allows a switching of the magnetic anisotropy from easy plane to easy axis with a small change in the crystal field, as recently observed for FePc adsorbed on an oxidized Cu surface. We also discuss the possibility of a quintet ground state ( 5 A1g is 250 meV above the ground state) with planar anisotropy by manipulation of the Fe-C bond length by depositing the complex on a substrate that is subjected to a mechanical strain.
I. INTRODUCTION
Metal phthalocyanines (MPc's) have many technological applications in catalysis [1] , photodynamic cancer therapy [2] and, given their semiconducting properties, in solar cells [3] . Another field of potential interest of MPc's is their use as magnetic materials [4, 5] , with applications as magnetic storage devices, quantum computing, and molecular spintronics [6, 7] . Understanding the microscopic interactions that govern their magnetic properties is of key importance in the design of functional materials. In addition to the magnetic interactions (exchange) amongst the building blocks, magnetic anisotropy has an important role in the magnetic properties of a material. In planar MPc's the metal center is surrounded by the four pyrrolic nitrogens of the macrocycle in an environment of D 4h symmetry. The d-orbitals of the metal-center are split into the four representations of the group [8] : a 1g (d z 2 ), b 1g (d x 2 −y 2 ), e g (d zx , d yz ), and b 2g (d xy ). Ligand-field models [9] can give the energy levels of the individual orbitals and provide an adequate formalism for describing the ground state and magnetic anisotropy of the individual single molecule magnets [10] .
Fe(II)-Phthalocyanine (FePc) is a promising candidate for its use as a magnetic material given its strong magnetic anisotropy. The tunability of the magnetization axis has been the subject of recent study [11, 12] for its possible application in spintronics. Despite having been a subject of study for several decades, the ground state configuration of FePc is still a matter of debate since it was originally proposed [13, 14] as 3 E g (a ) (in the following we abbreviate this ground state labeling as 3 E g (a), see footnote [47] ). Several density functional theory studies give different predictions. Liao and Scheiner get a 3 A 2g (a ) ground state [15] . 3 A 2g has also been proposed based on x-ray measurements. [ [19, 20] the ground state was found to be 3 E g (b). Kuzmin et al. [21] also found 3 E g (b) using a superposition crystal field model [22] . The possibility of 3 E g (b) and 3 B 2g lying very close in energy and being mixed by spin-orbit coupling has been suggested [19, 23] . A mixed quintet-triplet ground state has also been proposed [24] . Mössbauer and x-ray dichroism measurements in thin films of α-FePc [25, 26] give valuable information about the electronic structure of FePc, demonstrating that the complex has planar magnetic anisotropy, i.e., it is easier to magnetize the molecule parallel to the plane and that the Fe ion has a large unquenched orbital moment m L ≈ 0.5µ B .
In this paper, we use the multiplet model implemented in the xclaim code [27] to calculate the L 2,3 edges x-ray spectra in FePc and determine the metal center ground state configuration and crystal field energy levels. By calculating the expectation values of the orbital and spin moments we can determine the angular anisotropy and estimate the errors affecting the application of the XMCD sum rules [28, 29] in this system. From a fit of the angular dependence of the x-ray absorption measurements in thin films of α-FePc by Bartolomé et al. [26] we determine the values of the D 4h crystal-field parameters and find a ground state of mixed 3 E g (b) and 3 B 2g character. We discuss the magnetic anisotropies corresponding to the single configurations 3 E g (b) and 3 B 2g , and propose 3 E g (b) with easy axis anisotropy as the ground state in FePc adsorbed on an oxidized Cu surface. From exact diagonalization we calculate the crystal-field excitations. The presence of a low-lying 5 A 1g configuration, makes it feasible to produce a quintet ground state with planar anisotropy by manipulations of the Fe-C bond length. The crystal field hamiltonian is written in terms of Wybourne parameters [32, 33] as
with 0 ≤ k ≤ 2l, k an even integer and −k ≤ q ≤ k. B kq are the Wybourne parameters and C 
With the crystal field definition of Eq. (1) we can calculate the effect of a rotation of the local ligand environment by rotating the Wybourne parameters as a spherical tensor [34] . The crystal field resulting from a rotation with Euler angles αβγ is expressed by
with the matrix elements
where [34] . In this paper we consider a rotation of the sample about the y-axis and Equation (3) reduces to
where θ denotes the incidence angle of the x-rays with respect to the c-axis. Particularizing for the case of a d-shell in D 4h symmetry, the rotated crystal-field parameters can be written as
III. XAS AND MAGNETIC ANISOTROPY
A. Fit to the experimental spectra
We calculate the angular dependence of the linearly polarized x-ray absorption and XMCD by rotating the crystal field parameters and maintaining both the x-ray wavevector k and the 5 T applied magnetic field H parallel to the z-direction. For the core-hole lorentzian broadenings we use the values Γ L = 0.2 and 0.37 eV for the Fe L 3 and L 2 edges [35] and Γ Gauss = 0.5 eV to account for the experimental resolution. The additional broadening observed in the experimental spectra [26] comes from the formation of electronic bands due to the columnar stacking of molecules in α-FePc.
The best fit to the experimentally measured spectra corresponds to the crystal field parameters Dq = 0.175, Ds = 0.970, Dt = 0.150 eV. Figure 1 shows the crystal field energy levels of the d-orbitals and the calculated XAS spectra is plotted in Fig. 2 . We obtain a ground state of mixed 3 E g (e Fig. 1(b) ]. There are no other excitations within approximately 1 eV. Our calculation gives a good account of the angular dependence of the lineraly polarized XAS and XMCD when comparing it with the experimental measurements [26] . The main shortcoming in our model is the absence of XMCD at θ = 0 (Fig. 2(b) ).
By exactly diagonalizing the Hamiltonian we can get the zero field splitting (ZFS) of the mixed configuration ground state. The excited states are 2.4, 3.6, 11, 47, 130 and 160 meV above the ground state. The states at 3.6 and 130 eV are doublets and the rest are singlets. The applied magnetic field is not producing a reordering of the zero-field energy levels, since their splittings are greater than the energy changes induced by the magnetic field, in the order of (µ B H ≈ 0.3 meV).
In addition to the x-ray spectra, we look at the magnetic anisotropy of the Fe ion. In Fig. 2(c) we show the expectation values of the orbital m L θ and spin m S θ = 2 S θ magnetic moment components along the magnetic field as a function of θ. We calculate both the expectation value of the spin moment, and the spin effective m eff S θ , that is obtained by applying the spin sum rule [29] to the calculated XMCD. Several factors contribute to the discrepancy between the expectation value of the spin moment and its sum rule value: the magnetic dipolar term T [36, 37] , and the mixing of spectral weight between the L 2 and L 3 edges occurring in early transition metals [38, 39] . Another source of error is the fact that for practical applications of the sum rule the isotropic intensity is approximated as the average of left and right circularly polarized absorption [40] I iso = I z + I + + I − ≈ 3/2(I + + I − ). An experimental measurement of the intensity with linear polarization along the z-axis I z would require the x-ray beam to be in the transverse direction. At 5 T applied field, we get the moments in the ab-plane (see Fig. 2 
B. Single configurations ground-states
In addition to the mixed configuration ground state that gives the best fit, we also show the spectra corresponding to individual configuration ground states 3 E g (b) and 3 B 2g . In our crystal field model, we can control the mixing in the ground state of the two configurations by changing the energy positioning of the d The two single configuration ground states would have different magnetic anisotropies. For 3 E g (b) would be easy-axis with no magnetic moment in the plane [ Fig. 3(c) ] and for 3 B 2g would be easy-plane [ Fig. 3(f) ]. A simple explanation for this behavior is given by the formalism for the magnetic anisotropy developed within a perturbative treatment of spin-orbit interaction. [36, 41, 42] . Considering only spin-preserving excitations, the anisotropy energy is proportional to the orbital moment, and we can discuss the anisotropy by looking at the occupations of the single-particle orbitals in the ground state. [36] . For 3 B 2g d xy and d z 2 are singly occupied. d z 2 cannot generate orbital moment along the caxis, and d xy can only generate orbital moment along the c-axis from excitations to d x 2 −y 2 , which is much higher in energy (2 eV). In 3 B 2g the orbital moment in the abplane comes from from
is different; since there is one hole in the e g orbitals with m l = ±1, orbital moment along the c-axis can be generated and the anisotropy is easy-axis.
C. XAS angular dependence
To understand the linearly polarized XAS spectral features in terms of transitions to valence orbitals we calculate the angular dependence of the cross-section of dipolar transitions with the incidence angles to different orbitals in the final state in terms of a single particle model. A similar discussion for the isotropic and XMCD spectra We show the calculated spectra for different x-ray incidence angles θ = 0, 45, 75 o with respect to the FePc C4 axis. The XLPA plot (a) includes the classification of the absorption peaks in terms of transitions to valence orbitals belonging to different representations of D 4h . The spectra correspond to a mixed 3 Eg(b) and 3 B2g ground state. We also show in (c) the expectation values of the spin mS θ and orbital mL θ magnetic moments along the direction of the applied magnetic field (H=5 T) as a function of θ. We also include the effective spin moment m eff S θ that results from applying the spin sumrule to the calculated spectra.
can be seen in Ref. 43 . For a representation Γ of the point group D 4h the absorption of linearly polarized x-rays is where γ label the d-shell orbitals belonging to the Γ representation and m j label the p-shell core states with j = 3/2, 1/2 for the L 3 , L 2 edges. D(θ) is the dipolar operator corresponding to linear polarization in the xz-plane forming an angle θ with the x-axis:
the component D q (q = 0, ±1) of the dipolar operator in spherical coordinates are
The resulting angular dependencies for linear polarization are given in table II. The relative intensities for the different representations are the same for the L 3 and L 2 edges.
In Fig. 2(a) we label the features of the XAS spectra according to transitions to valence orbitals belonging to different representations of D 4h . The sharp feature at the beginning of the L 3 edge (707 eV) increases its intensity with θ and appears for both the 3 B 2g and 3 E g (b) ground states. We assign it to transitions to the d z 2 or to the e g (d zx , d yz ) orbitals contributing to the absorption at the same x-ray energy. The transition at 720 eV 
at the low energy side of the L 2 edge visible in the linear polarization absorption at θ = 75 o can be assigned to transitions to the d z 2 orbital, given its appearance at high θ and the fact that it increases in intensity when the number of holes in d z 2 increases. For a pure 3 E g (b) ground state [ Fig. 3(a) ], there are no holes in d z 2 and the 720 eV peak does not appear. The tails of the L 2 and L 3 edges decrease at higher θ. We assign them to transitions to b 2g (d xy ) and b 1g (d x 2 −y 2 ) orbitals. Both of them have the same angular dependence decreasing at higher incidence angle θ.
IV. GROUND STATE CHANGES AND MAGNETIC ANISOTROPY SWITCHING
Recently, the anisotropy of FePc has been reported to change from easy plane to easy axis when adsorbed on an oxidized Cu(110) surface [11] . Tsukahara et al. [11] interpret the zero field splitting for isolated FePc in terms of a simple model with an orbitally non-degenerate ground state in which the zero-field splitting would only have two levels [13] and attribute the observation of a more complex zero field splitting, and an easy-axis magnetic anisotropy of FePc adsorbed on an oxidized Cu(110) surface to the breaking of D 4h symmetry. However, a 3 E g (b) configuration, with orbital degeration, can account for a complex zero field splitting and an easy-axis magnetic anisotropy.
In Fig. 4 we show the changes in the ground state and magnetic anisotropy as a function of the perturbations of the crystal-field potential. The modifications of the a 1g and b 1g single-particle orbital energies can be related to different physical effects: the a 1g potential can be changed by axial ligand coordination [44] , or when the complex is adsorbed in a surface [11, 12] . The b 1g energy would be modified by changes in the Fe-C bond length. By changing ε(a 1g ) [ Fig. 4(a-d) ] the ground state changes between 3 E g (b) and 3 B 2g and the anisotropy changes between easy-plane and easy-axis. A reduction in ε(a 1g ) as small as 0.1 eV is enough to change the magnetic anisotropy to easy-axis. The maximum of the in-plane generated moment corresponds to the region of mixed ground state, and decreases when increasing ε(a 1g ) [ Fig. 4(b) ]. This can be easily understood, since the increase in ε(a 1g ) diminishes the orbital moment generated by e g −→ a 1g excitations. It is worth noting that the mixed-configuration ground-state exists within a region of about 0.4 eV in the crystal field energies, where the a 1g orbital has a non-integer occupation [ Fig. 4(c) ].
Changing the energy of the b 1g orbital [ Fig. 4 (e-h)] will produce a change in spin from triplet to a quintet 5 A 1g with planar anisotropy. Reducing ε(b 1g ) by 0.2 eV will start populating the b 1g orbital [ Fig. 4(g) ]. Reductions beyond 0.3 eV produce a pure quintet ground state and saturate the in-plane magnetic moment [ Fig. 4(f) ]. Within a small intermediate region where 5 A 1g is mixed with 3 E g magnetic moment can be generated along the FePc axis [ Fig. 4(e) ]. The changes in the energy of the b 1g can be related to changes in the Fe-C bond-length in FePc. By considering the a 1g crystal-field energy unaffected by the bond-length change, we can consider the energy difference between a 1g and b 1g (≈ 5 eV) proportional to r −5 [45] . An increase of 1% in the Fe-C bondlength (∆r ≈ 0.02Å) would produce a quintet ground state. This kind of spin transition produced by increasing in-plane bond-lengths is feasible by depositing the complex on a substrate (graphene, polymers, etc.) and exerting a mechanical strain on the substrate [46] .
V. CONCLUSIONS
We have used a ligand field model with full configuration interaction to calculate the magnetic properties and L 2,3 XAS spectra of FePc. Our multiplet model gives a good account of the shape and angular dependence of the experimental x-ray linearly polarized absorption and XMCD spectra measured in thin films of α-FePc. The best fit to the experimental spectra corresponds to the D 4h crystal field parameters Dq = 0.175, Ds = 0.970, Dt = 0.150 eV. This corresponds a ground state of mixed 3 E g (b) and 3 B 2g character, as originally suggested by Reynolds et al. [23] . The two configurations are separated by a small amount of energy (≈ 80 meV) and the spin-orbit interaction produces a mixed ground state. Although 3 E g (b) (easy axis) is lower in energy, the mixing induced by the spin-orbit produces a ground state with easy plane anisotropy. The use of a full configuration interaction formalism makes possible to describe accurately the magnetic properties of the system in the mixed configuration.
FePc is an excellent candidate for applications in spintronics and information storage, with several ground states with different magnetic properties accessible by small changes in the ligand environment of the Fe ion. The close proximity in energy of two configurations with different easy magnetization axes makes it easy to manipulate the magnetic anisotropy with very small changes in the crystal field. The 3 E g (b) configuration, with easy axis anisotropy, would be a plausible ground state for FePc adsorbed on an oxidized Cu surface, where a change of the magnetization axis has been reported. [11] In ad- dition, the presence of a low-lying 5 A 1g configuration 250 meV above the ground state, makes feasible to produce a quintet ground state with planar anisotropy by expansions of the Fe-C bond length in the order of 0.02Å. This can be achieved by depositing the complex in a substrate that is subjected to a mechanical strength.
The formalism used in this paper for the analysis of the XAS angular dependence can be applied to study other systems and get information about the ground state and dd excitations. The presence of low lying crystal-field excitations close to the ground state can identify candidate systems for technological applications with tunable magnetic properties where changes in the ligand environment would be able to change the ground state. 
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